LSL-YFP sparsely labeled sympathetic neurons in the SCG immunostained for P-TrkA (A) and Homer1 (B). Bottom panels show 0.5 µm sections of boxed dendrites to illustrate co-localization between pre-and post-synaptic proteins. C. Representative dendrites taken from images of TH CreER ;R26 LSL-YFP sparsely labeled cells in the SCG at developmental time-points P7, P14, P21 and P42-P56 immunostained for Homer1 (left) and VAChT (middle left). D. Quantification of the number of Homer1 puncta per μm 2 dendrite at each age. One way ANOVA F (3, 11) = 0.2359 P<1 post hoc. Tukey's multiple comparisons' test: *p<0.05. E. Quantification of the number of VAChT puncta per μm 2 dendrite at each age. One way ANOVA F (3, 11) = 3.360 P<0.1 post hoc. Tukey's multiple comparisons' test: *p<0.05. F. Quantification of the size (μm 2 ) of P-TrkA puncta within dendrites at each age. One way ANOVA F (3, 11) = 0.9741 P<0.5 post hoc. Tukey's multiple comparisons' test: *p<0.05. G. Quantification of the size (μm 2 ) of Homer1 puncta within dendrites at each age. One way ANOVA F (3, 11) = 7.267 P<0.01 post hoc. Tukey's multiple comparisons' test: *p<0.05. H. Quantification of the size (μm 2 ) of VAChT puncta within dendrites at each age. One way ANOVA F (3, 11) = 4.936 P<0.05 post hoc. Tukey's multiple comparisons' test: *p<0.05. A. Immunostaining of P-TrkA (Y785) in contralateral ganglion (left) and ipsilateral (injected) ganglion (right) of wild-type mice injected with either PLGA-1NMPP1 (top) or PLGA (bottom) microspheres. B. Immunostaining of Homer1 and VAChT in contralateral ganglion (left) and ipsilateral (injected) ganglion (right) of wild-type mice injected with either PLGA-1NMPP1 (top) or PLGA (bottom) microspheres. C-H. Number of P-TrkA (C, F), Homer1 (D, G), and VAChT (E, H) puncta per μm 2 in ipsilateral (C-E) and contralateral (F-H) ganglia wild-type and TrkA F592A mice injected with either PLGA or PLGA-1NMPP1 microspheres. These are the raw values for the data represented as paired comparisons (ipsilateral/contralateral), shown in Figure 6 . Two way ANOVA testing showed significant interaction between genotype and drug treatment on puncta number in ipsilateral ganglia. C. F(1, 21) = 6.074, P = 0.022, D. F(1, 21) = 5.404, P = 0.0302, E. F(1, 21) = 6.632, P = 0.0176, (*p<0.05). F. Representative images of eyes of wild-type mice injected with either PLGA-1NMPP1 (top) or PLGA (bottom) microspheres. sympathetic cultures in experiments with NGF application to the distal axon compartment and simultaneous application of either PLGA or PLGA-1NMPP1 to CB/dendrite compartment; E *p<0.0001. F. Quantification of P-TrkA (Y785) puncta in cell bodies of TrkA F592A sympathetic mass cultures in experiments with application of Biotinylated-PLGA or Biotinylated-PLGA-1NMPP1 in the presence of NGF; *p<0.05. G-H. Quantification of P-TrkA (Y785) (G) and MAGUK (H) puncta per μm dendrite in same experimental paradigm as D; *p<0.05. I-J. Quantification of P-TrkA (Y785) puncta per cell body (I) and per μm dendrite (J) of compartmentalized wild-type sympathetic cultures in experiments with NGF application to the distal axon compartment and simultaneous application of either PLGA or PLGA-1NMPP1 to CB/dendrite compartment; I: n= 2, *p<0.05; J *p<0.05. A-J All analyses were performed on 3 or more independent experiments unless otherwise noted. A. NGF binds to and activates its receptor TrkA at the distal axon promoting the internalization and retrograde transport of a NGF/TrkA signaling endosome. NGF/TrkA endosomes move retrogradely through axons in a saltatory manner, slow down or halt in cell bodies, and a subset are transported into dendrites where they move in a bidirectional manner adjacent to PSDs (in vitro) and presynaptic terminals (in vivo). B. TrkA kinase activity (yellow arrows) within dendrites is necessary to maintain PSD specializations. (Madisen et al., 2010) reporter mice and were genotyped for TH-2A-CreER using the following primer set which detect both mutant and wild-type alleles; TH-2A-CreER-1: CATGCCCATATCCAATCTCC, TH-2A-CreER-2: CTGGAGCGCATGCAGTAGTA, and TH-2A-CreER-3: ATGTTTAGCTGGCCCAAATG. Male and female mice were used for in vitro experiments and male mice were used for in vivo experiments. Analyses of wild-type neurons or tissue were performed on C57BL/6 or CD1 background mice. Mice were handled and housed in accordance with Harvard Medical School and Johns Hopkins University IACUC guidelines.
Supplemental Experimental Procedures
Sympathetic neuron cultures. SCG neurons were cultured as previously described (Wickramasinghe et al., 2008; Ye et al., 2003) . In brief, neurons were obtained by enzymatic dissociation of P0-P4 mouse SCG, plated in DMEM supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin (1 U/ml), and 50 ng/ml NGF purified from mouse salivary glands or purchased (NGF 2.5S) from Harlan laboratories. After 24-48 hrs, 5 μM Ara-C was added to the culture media for 48-96 hrs to eliminate glial contamination. This resulted in long-term neuronal cultures that remained essentially glia-free for the duration of all experiments. Media was changed every 48 hrs, and all experiments commenced 14-16 DIV for mass cultures and microfluidic chambers (unless otherwise noted). SCG neurons were cultured in microfluidic chambers as previously described (Harrington et al., 2011; Sharma et al., 2010) . In local TrkA inhibition experiments using biotinylated PLGA microspheres, coverslips were coated with 5 μg/mL Streptavidin for 1 hour and rinsed twice with ddH2O prior to plating of neurons.
Immunocytochemistry. Neurons were fixed in 4% PFA/1xPBS for 15 minutes at room temperature. After fixation, they were thoroughly washed in 1xPBS, blocked for 30-60 min in 5% Normal Goat Serum with 0.05% Triton-X in 1xPBS at room temperature, and incubated overnight at 4°C in 1% Normal Goat Serum block solution containing primary antibodies. Neurons were then rinsed in PBS, incubated with appropriate Alexa Flour fluorescent secondary antibodies in 5% Normal Goat Serum block solution for 60 min at room temperature, rinsed again in PBS, and subsequently mounted for confocal microscopy. Primary antibodies include pan-MAGUK K28/86 (1:500, Neuromab/Antibodies Inc.), MAP-2 (1:5000, Millipore 06-574), P-TrkA (Y785) (1:1000, Cell Signaling 4168S), PTrkA (Y490) (1:1500, Cell Signaling 4691S), Flag-M1 (1:1000, Sigma-Aldrich F3040), Flag (1:1000 SigmaAldrich F7425), Homer1 (1:1000 Synaptic Systems 160003).
Microfluidic chambers. Microfluidic chambers were generated as previously described (Park et al., 2006) . Masks were designed in AutoCad and made by Photo Sciences Inc. Molds were generated in the Johns Hopkins Whitaker Institute Lithography and Fabrication Facility.
Flag-TrkA transport assay. Assay was performed as described previously (Sharma et al., 2010) . Cells were NGF starved overnight at 37°C in DMEM. The following day, cells were habituated to 4°C for 10-15 minutes, then Flag antibody, either M1 (1 µg/mL) or FlagM1-FAB (6 μg/mL) diluted in DMEM was applied to only the distal axon compartment at 4°C for 45 min-1 hour. Cells were washed in DMEM to remove any unbound antibody, then NGF (50-100 µg/mL) diluted in DMEM was applied only to the distal axon compartment. Complete compartmentalization of both antibody and ligand to the distal axons was achieved using microfluidic chambers, with a volume of 80 μL added to distal axon compartment and a volume of 120 μL added to cell body/dendrite compartment. After NGF application cells were incubated in a humidified 10% CO2 incubator at 37°C for 1-6 hours depending on the purpose of the experiment. Cells were then immunostained according to in vitro immunostaining protocol above.
Live cell imaging Flag-TrkA assay. The live cell Flag-TrkA trafficking assay was completed the same as the fixed Flag-TrkA assay with one exception: Flag antibody, either M1 (1 µg/mL) or FlagM1-FAB (6 μg/mL) was incubated with 2 µg/mL Alexa Fluor secondary antibody, diluted in DMEM, for 1 hour at room temperature on a shaker, prior to application to distal axons. To image Flag-TrkA endosomes' dynamics in real time without harming neuronal health, three conditions must be met: there must be proper CO2 buffering, the temperature must remain consistently 36-37°C, and the chambers must stay hydrated. The first was achieved either by using a CO2-independent ACSF medium (120mM NaCl, 5mM KCl, 5mM CaCl2, 2mM MgCl2, 25mM HEPES (pH 7.4), 30mM glucose) or a CO2 buffered chamber on the spinning disk microscope. Temperature was maintained through feedback monitors linked to the microscope stage. Hydration was maintained either through adding new ACSF media or via humidified stages on the microscope. Imaging was achieved in the following manner: the glass coverslip, with microfluidic chamber attached, was removed from the petri dish and placed onto the microscope stage, where it was be imaged using either 40xO (NA: 1.30) or 60xO (NA: 1.42) magnification objectives. Imaging was completed on a Yokogawa spinning disk microscope (Zeiss) or the Harvard Neurodiscovery Center Enhanced Neuroimaging Core Andor Revolution Spinning Disk Microscope, using fast piezo Z sectioning (Prior Piezo Stage with 250um travel -Z250). The latter microscope achieved temperature, CO2, and humidity maintenance by both a whole scope incubator and small stage top incubator. Videos were taken with maximum speed acquisition allowed by the number of 1m Z slices necessary to capture the depth of the dendrite and cell body of interest. Photobleaching was achieved by applying maximum 488 laser intensity to the cell of interest for 5 minutes. At the end of the live cell experiments, cells were fixed and immunostained according to in vitro immunostaining protocol above and mounted for confocal microscopy.
Tissue immunohistochemistry. SCG sections were produced by dissecting the ganglia from mice euthanized via CO2 and fixing the ganglia in 4% PFA/1xPBS at room temperature for one hour. Fixed and washed tissue was cryoprotected in 30% sucrose, embedded in OCT, and cryosectioned at a thickness of 20μm. For WGA-555 eye injection experiments, sections were rehydrated in 1xPBS, blocked for 30-60 min (5% Normal Goat Serum, 0.05% Triton-X in 1xPBS), and incubated in primary antibody diluted in block overnight at 4°C. They were subsequently washed in 1xPBS, incubated with appropriate Alexa Fluor fluorescent secondary antibodies for 60 min at room temperature, washed in PBS, and then mounted for confocal microscopy. For all other experiments, an alternative, high salt protocol was used. For this, cryosections were rehydrated in 1xPBS, incubated in 50% EtOH for 30 min, then washed in high salt PBS (0.3M NaCl) and incubated in appropriate primary antibodies diluted in high salt PBST (0.3M NaCl, 0.03% Triton-X) for 48-72 hours at 4°C. Sections were subsequently washed in high salt PBS, incubated with appropriate Alexa Fluor fluorescent secondary antibodies for 60 min at room temperature, washed in high salt PBS, and then mounted for confocal microscopy. Primary antibodies include TrkA (1:1000, Millipore 06-574), P-TrkA (Y785) (1:1000, Cell Signaling 4168S), Flag-M1 (1:1000, Sigma F7425), Homer1 (1:1000, Synaptic Systems 160003), MAP2 (1:2500, Millipore AB5543), GFP (1:1000, Aves GFP 1020), and VAChT (1:200, Enzo Life Sciences BML-SA684-0100).
Intraperitoneal injections for P-TrkA antibody specificity measurements. To address the specificity of P-TrkA antibodies in vivo, the inhibitor 1NMPP1 was dissolved in DMSO to make a 200mM stock, and 2.5 µL of the 1NMPP1 solution or DMSO was diluted into 100 μL of injection solution (0.9% NaCl, 2.5% Tween-20) for intraperitoneal injections. Treatments were given every hour for a total of four times, in P10-P12 aged TrkA F592A/F592A mice. 1NMPP1 was synthesized by Aurora Analytics LLC.
Retrograde eye injections. 10 µL WGA-555 was injected into the anterior chamber of the eye of anesthetized P21-P30 male mice using a Hamilton syringe as previously described (Hendry et al., 1974) . Mice were euthanized 16-20 hours later via CO2. SCGs were dissected out and standard immunohistochemical tissue processing procedures (above) were followed.
Tamoxifen treatment. One week before sacrifice and dissection of superior cervical ganglia, tamoxifen was administered to the mice at a dose that would achieve sparse labeling of neurons. (0.005 mg for P7, 0.01mg P14 and P21, and 0.1mg postnatal 6-8 wks) Tamoxifen was dissolved in ethanol (20 mg/ml), mixed with equal volume of sunflower seed oil (Sigma), vortexed for 5-10 mins and centrifuged under vacuum for 20-30 mins to remove all ethanol. The solution was kept at -20°C and delivered via IP injection. SCGs were dissected at P7, P14, P21, and postnatal 6-8 weeks. SCG microsphere injections. Male mice (P21) were anesthetized via continuous inhalation of isoflurane (1-3%) from a precision vaporizer for the 20 minute duration of the surgery. Breathing rate of each animal was monitored throughout the procedure, with adjustments to anesthetic dose made as necessary. Puralube, a protective eye ointment, was applied to the eyes while they were in the nose cone. To inject SCGs with microspheres, the area of the ipsilateral SCG was treated with depilatory cream (NAIR, Church and Dwight Co.), for 1 min, washed with water, and then swabbed with 70% Ethanol and Betadine before incision. An incision was made to the front of the neck, lateral to the midline. Fat, muscle, and glands were cut or moved aside to expose the SCG, residing at the juncture of the internal and external carotoid arteries. Next, a Hamilton syringe was used to puncture the membrane of the SCG and inject 1-5uL of 0.5 mg microspheres diluted in 10 mLs of 0.9% saline: either control (Phosphorex;
PLGA 50:50, 5μm diameter) or 1NMPP1 loaded PLGA microspheres (Phosphorex; PLGA 50:50, 11.5% 1NMPP1 loading, 3μm diameter) were used. Skin was sutured using sterile vicryl sutures, then swabbed with NewSkin adhesive (Fisher). Carprofen (4 mg/kg) was applied subcutaneously for analgesia immediately following the procedure, and animals recovered in isolation on a heating pad for 30 minutes. Six-eight hours following surgery animals were euthanized, their SCGs were dissected out and standard immunohistochemical tissue processing procedures (above) were followed.
In vitro PLGA microsphere assays. PLGA microspheres were biotinylated to anchor them to streptavidin coated coverslips for in vitro local TrkA kinase inhibition experiments. Both control (Phosphorex; PLGA 50:50, 5μm diameter) and 1NMPP1 loaded microspheres (Phosphorex; PLGA 50:50, 11.5% 1NMPP1 loading, 3μm diameter) were biotinylated according to the following protocol. 0.5 mg microspheres were diluted in 1 mL of MES buffer (0.1mM MES pH5.5) then incubated with 140 μL of 50mM Amine-PEG-Biotin (Thermo-Scientific Pierce) in MES buffer solution and 60 µL 100 mM EDC (Thermo-Scientific Pierce) in MES buffer solution for 1 hour on a shaker at room temperature. Solution was dialyzed using Pierce Slide-A-Lyzer 20,000 MWCO dialysis cassettes in MES buffer at 4°C for 30 minutes. Dialyzed microsphere solution was added to DMEM to bring to 10 mL solution and pH was brought to 7.4. This solution was further diluted 1:50 unless otherwise specified into DMEM and applied to the cell body and dendrite compartment of sympathetic neurons grown on coverslips plated with streptavidin. After 1 hour for biotin-streptavidin binding cultures were washed with DMEM to remove any unbound microspheres. NGF was applied to the distal axon and cultures were incubated at 37°C for the duration of the experiment, 6-8 hours. Cultures were then fixed and immunostained as described above.
Image Analysis
Endosome tracking. Image analysis was completed through manual tracking of individual endosomes either using IMARIS spot tracking or the ImageJ MTrackJ plugin written by Erik Meijering (Meijering et al., 2012) . Directionality was defined as moving in a direction for 2 or more sequential image frames. Post-hoc MAP2 staining or DIC imaging was used to verify dendrites. Kymographs were made in ImageJ using the Reslice and projection (StDev) functions.
In vitro proximity of P-TrkA and MAGUK. Dendrites stained for P-TrkA, MAGUK, and MAP2 were imaged on an LSM700 Zeiss Confocal Microscope using a 63x objective acquiring images that had 0.05µm sized pixels. Proximity was analyzed using a MATLAB script written by the Harvard Image Data Analysis Core. Specifically, manual thresholding of MAP2 stained dendrites was performed to identify areas of interest. Robust point source detection and Gaussian PSF-model fitting were then performed within each dendrite area to identify both MAGUK and P-TrkA puncta with a precision ranging from approximately 15-70nm (Aguet et al., 2013) . A distance-based colocalization measure was then calculated as previously described (Lachmanovich et al., 2003; Mendoza et al., 2011) . Briefly, closest distances between points in the two image channels (MAGUK and P-TrkA) were calculated, and a frequency vs. search radius curve generated. This curve was then normalized to the mean frequency of interpoint distances observed in 500 rounds of randomly generated point positions with the same number of points and within the same dendrite area. These 500 rounds of randomization were conducted in two ways: once holding points from image channel one (P-TrkA) fixed while randomizing channel two (MAGUK), and a second time holding points from image channel two while randomizing channel one. Performing randomizations in both channels controls for the fact that spatial patterns in the points in one channel can potentially induce unauthentic indications of colocalization in the other channel. No difference was seen between these alternate randomizations. Significance of colocalization within each dendrite was determined by comparing the measured density vs. distance to the 99 th percentile of the density seen in the 500 randomizations in that cell. For analysis combining multiple dendrites from multiple experiments, the normalized density curves for each cell were averaged and a 99% confidence interval was then calculated at each distance by 5000 bootstrap repetitions, by sampling from the individual dendrite curves with replacement. Significance was determined by comparing these confidence intervals to what would be expected purely by chance, represented as 1, which is the normalized frequency at any given distance. Nearest-neighbor distances were also calculated between points to determine the fraction of points within the 100 nm cutoff from one another. The co-localization code is available upon request from the Image and Data Analysis Core at Harvard Medical School (http://idac.hms.harvard.edu/).
Puncta analysis.
In experiments where numbers of puncta (P-TrkA, VACHT, Homer) were quantified, analysis was performed using ImageJ. Each channel of each image was thresholded, and the particle analysis function was used to summarize the number and size of puncta within the channel, which was further analyzed relative to area (μm 2 ), number of cell bodies, or dendrite length (μm). Co-localization analysis was completed also using ImageJ. Channel one and channel two were individually thresholded to binary images and the number of puncta within each channel was quantified using the Analyze Particles function. Next, the binary images were processed using the Image Calculator function to identify pixels/puncta that were fluorescent (1 in binary terms) in both channels, and the number and size of these "co-localized" puncta were quantified. For developmental analysis the number of puncta (P-TrkA, VACHT, Homer) were quantified using an ImageJ macro. To select the dendrite, a binary mask was created by manually thresholding the TH-2A-CreER; R26-LSL-YFP channel. The mask was despeckled and dilated. The other channels in the image were multiplied by the mask and thresholded with a set intensity to select puncta. The particle analysis function was used to summarize the number and size of puncta within each channel. Co-localization analysis was also completed using the ImageJ macro. The two channels were combined using the Image Calculator function and the particle analysis function was used to qualify the co-localized regions. Puncta numbers were divided by the area of the dendrite mask for each image. The area was calculated from the integrated density of the binary mask image.
In vivo nearest neighbor analysis. The nearest neighbor (VACHT) for each puncta (P-TrkA, Homer) was calculated using an ImageJ macro. The particle analysis function was used to summarize the centroid of the puncta within each channel of the thresholded and masked image. For each channel the xyz coordinates of each puncta were stored in an array. Within each z-slice, the distance between each puncta in one channel and all the puncta in the other channel was calculated. The shortest distance within 15µm was found, where both puncta were within the same dendrite mask region. Measuring ptosis. Images for ptosis analysis were taken of animals anesthetized with urethane using infrared light sources and a Point Grey camera (FMVU-13S2C-CS) with a Navitar HR F2.8/50 mm lens borrowed from the Research Instrumentation Core Facility at HMS. Images were analyzed blinded by using ImageJ to draw and measure lines for the width and height of the eye surface then using a height/width ratio to compare amongst animals and groups.
Measurement distances between microspheres and fluorescent puncta. Data was analyzed using an ImageJ macro. After microspheres within each image were manually selected as regions of interest (ROIs) each image was processed through the program as follows: 1) cell bodies were chosen as ROIs to be eliminated from the analysis 2) each channel (P-TrkA, MAGUK, MAP2) was manually thresholded to identify objects of each channel and the image was binarized 3) using the Image Calculator 'AND' function, MAP2 and both puncta channels were combined to identify puncta within dendrites 4) center of microsphere ROIs was identified 5) the program used an algorithm to measure the distance between identified puncta and each microsphere and created a spreadsheet with the results of the nearest distance (μm) as well as the size of the nearest identified puncta and the distance of microsphere ROI to dendrite.
Statistical Analysis. Statistical tests were performed using GraphPad Prism 6 software. Comparisons between two groups were done using Student's t test unless otherwise reported. Non-significant p values are not reported. Data are presented as mean ± SEM and numbers per group are represented in bars or legends of each panel.
